Cardiovascular three-dimensional (3D) printing models have been focused as an emerging technology. Using 3D volume dataset with the high-quality image obtained from CT, MRI or echocardiography, 3D printing models are produced and can provide tangible spatial perception for cardiovascular anatomy and diseases to conventional two-dimensional diagnostic imaging. Recent studies have shown the expanding feasibility of 3D printing models from procedural planning and simulation for surgical or trans-catheter interventions to training, education and communication for medical professionals and patients, particularly in complex congenital heart disease, structural heart disease, and hybrid cardiovascular surgery. With 3D printing technology and material engineering, 3D printing models can replicate not only the morphology but also the function that allows advanced physiological evaluation, procedural simulation, and a platform to 3D bio-printing. This review summarizes cardiovascular 3D printing model workflow from data acquisition to production and discusses clinical applications of 3D printing models.
INTRODUCTION
Three-dimensional (3D) printing technology had been developed in the 1980s. With the recent developments in technologies and materials for industrial 3D models, the decline in price, and the patent-free availability of 3D printing technologies, 3D printing has becoming increasingly popular in various fields.
In medicine, diagnostic imaging plays an important key role for diagnosis, therapeutic planning, and follow-up. CT, MRI, ultrasound (US), and rotation angiography have been used in clinical practice. Most diagnostic imaging technologies involve reconstruction in a Digital Imaging and Communication in Medicine (DICOM) format, which allows effective two-dimensional or 3D visualization of the anatomy and of certain diseases. Current post-processing technologies easily covert DICOM images to Stereolithography or Standard Tessellation Language (STL) file formats in a 3D printed model. Clinical applications of 3D printing in medicine have been launched for surgical planning in a wide range of patient-specific implants, such as skeletal structures, dental implants, and cranio-maxillofacial implants [1] .
In cardiovascular disease, the 3D printing model is among the latest emerging technologies used in clinical practice and research [2] [3] [4] [5] . In this review, we introduce the workflow of 3D printing technologies from data acquisition to the final 3D-printed model and discuss its current clinical applications. We also present several practical uses of 3D printing modeling technologies and discuss future directions of this emerging technology.
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Data segmentation
To obtain the best cardiovascular anatomy of morphological and functional assessment, the volume data of artifact-less cardiac phase with thinner slice thickness is preferable for segmentation. The acquired dataset using the DICOM format is transferred to a free software program (OsiriX MD; Pixmeo, Geneva, Switzerland) or to commercially available software (VirtualPlace Arata, AZE Ltd., Tokyo, Japan; IntelliSpace Portal Version 8.0.1.20640, Philips Healthcare, Cleveland, OH, USA; or 3D printing v1.2.0, syngo.via Frontier, Siemens Healthcare AG, Forchheim, Germany) in the workstation.
Thresholding and region growing are often used for image segmentation. Thresholding is a simple method that generates binary images based on a threshold (or range) of signal intensity, such as CT attenuation. Region growing iterates examination of neighboring pixels of initial seed points regarding whether the pixel neighbors are classified based on the region. With regard to region growing, effectively using 'vessel mode' and ' general object mode, ' which are different expansion (erosion) methods of the volume of interest based on purpose, is important. Because segmentation is affected by multiple influencing factors of the original image (attenuation, image noise, texture, size, and shape of the interest), generating binary images using thresholding and region growing combined with other post-processing mathematical morphologies such as 'dilation' and 'erosion' while referring to the original CT images will be better. Although the automatic software for cardiac CT can be used for standard cardiovascular anatomy, individual CT attenuation-based image segmentation for binary images works effectively for cardiac valves [11] .
In cardiovascular 3D printing models, solid and hollow models are often applied. The solid model in the blood pool image is relatively easily segmented when contrast enhancement is uniformly sufficient. The hollow model is generated using the above-mentioned segmentation methods combined with summation and subtraction. Representative images and general features of the solid and hollow models for cardiovascular disease are shown in Fig. 1 and Table 1 .
The requirements for effective segmentation are 1) knowledge
PRODUCTION Of 3D PRINTINg mODel
We employed several sequential processes to create a 3D printing model (Fig. 1) . From data acquisition to the final 3D-printed model, multiple factors and knowledge of clinical diagnostic imaging deeply relate to 3D printing in terms of correct object recognition for anatomy and pathophysiology. High image quality of 3D volume data and accuracy in each step affect the final model. The concept of 'copying principle, ' suggesting that it is impossible to produce a product with an accuracy higher than that of the machine used, can be applied not only for the general industry field but also for 3D printing [6] . In this section, we summarize the essential points of the individual processes.
Data acquisition
The image dataset for 3D printing is required for high image quality with high spatial resolution and without misregistration. CT is one of the most suitable modalities for 3D printing because it provides the isovolumetric images with high spatial resolution, and it is widely available in clinical practice. MRI has great advantages including no radiation exposure, high temporal resolution, and tissue differentiation capabilities that allow multiple properties to 3D print models. To minimize motion artifacts, electrocardiogram gating and breath-hold (or MRI respiratory gating system) are indispensable for high-quality data acquisition. Some case reports and clinical studies have shown the feasibility of 3D echocardiography and rotational angiography, although these studies do have limitations such as limited acoustic window, temporal resolution, and potential misalignment of the summation data obtained from several heart beats [7] [8] [9] . When the data acquisition is performed using CT, optimization of scan parameters, contrast-injection protocols, and conventional diagnostic imaging are improved, which creates the binary images for regions of interest used for 3D printing in the next process of 'segmentation' described below. Sufficient and homogenous contrast enhancement of the cardiac cavities and major vessels is crucial, as is avoidance of extremely high attenuation and inhomogeneous attenuation using a multiplephase contrast injection protocol [10] . Cross-sectional image of the hollow model. The solid model is a simple physical representation of the blood pool image to understand the general three-dimensional anatomy in correlation with the images. Hollow models can be generated from the solid model using computeraided design software or combinations of segmentations.
of cardiovascular anatomy and pathophysiology (disease condition), 2) range of 3D printing, and 3) awareness of divisional design for clinical use. Although the latter two items are unfamiliar at the onset, they are essential for the following the process of production and clinical applications of 3D printing models.
Conversion of file format for 3D printing
The 3D volume-rendered DICOM image files are converted to the applicable file format for computer-aided design (CAD) and 3D printing. STL is a standard file format used for 3D printing and is supported by most 3D printer software. It only describes the surface geometry of a 3D object without any other information. Some other file formats (OBJ, 3MF, or AMF) can encode not only surface geometry but also color, texture, and other characteristics; thus, these might also be used as other standard file formats for 3D printing. Knowing in advance the file format applicable for the institutional strategies of 3D printing is recommended.
Preprocessing of 3D STl models
Converted STL file data often contain unnecessary noise, incomplete objects, and excessive data capacity. Clean-up, correction, verification, and smoothing of STL file data are required using available CAD software: e.g., MeshLab (Italian National Research Council, Italy), Meshmixer (Autodesk Inc., San Rafael, CA, USA). 'Volume reduction' by limiting the model size can save costs for production time and materials.
Production of 3D printing models
In cardiovascular disease, several 3D printing technologies have been used such as fused deposition modeling, stereo-lithography apparatus, selective laser sintering, color-jet printing, and material-jet printing. These technologies are based on the dedicated technology, such as material extrusion, vat photopolymerization, powder bed fusion, material jetting, difference in available materials, accuracy, cost, and individual features [6, 12, 13] . Table 2 shows a summary of 3D printers that we used in clinical practice and research [6] . As 3D printing technolo- 3D printing model in cardiovascular disease. *3D printers used in outsourcing service. Adapted from Koyama and Suzuki, with permission of CHUGAIIGAKU Co., Ltd. [6] . ABS: acrylonitrile butadiene styrene, CJP: color-jet printing, FDM: fused deposition modeling, ink jet: material-jet printing (MJP), PLA: polylactic acid, SLA: stereo-lithography apparatus, SLS: selective laser sintering, 3D: three-dimensional 3D Printing in Cardiovascular Disease CVIA gies and the available materials that regulate the property of the final 3D printed models are closely related, building institutional workflow and using both in-house and out-sourced 3D laboratories wisely, depending on purpose and cost-effectiveness, will become more effective (Table 3) .
Post-processing of 3D printed models
For most 3D printing technologies, production includes support materials (Fig. 2) . Following the manufacturer's specifications for proper material post-processing and cleaning are recommended. However, post-processing may become a ratelimiting factor and should be considered as an influencing factor prior to all production steps, which will avoid the difficulty in cleaning up support materials in complex or closed spaces.
ClINICal aPPlICaTIONS
Cardiovascular 3D printing models can be generated for various applications in clinical practice and research (Table 4) . They are not always required for standard diagnosis of cardiovascular diseases or simple cardiovascular surgery and intervention. Many children with congenital heart disease (CHD) have become adults, and trans-catheter therapy became an option for structural heart disease (SHD). Additionally, 3D printing models can further provide a physical, spatial perception for cardiovascular anatomy, disease morphology, which can be used for patient-tailored management, including procedural planning among the heart team (radiologists, pediatricians, cardiologists, and cardiac surgeons). Moreover, 3D printing models are helpful for medical professionals, patients, and their family members to better understand procedures and are expected to be used for medical advancements such as medical education, training, patient-specific therapies, and medical devices.
myocardial disease
Hypertrophic cardiomyopathy
Hypertrophic cardiomyopathy (HCM) is a genetic myocardial disease characterized by regional or diffuse left ventricular hypertrophy [14] . Translating the understanding of pathophysiology to a physical procedure during surgical intervention for HCM is sometimes difficult. 3D printing models can replicate the accurate anatomy of hemodynamically significant hypertrophied myocardium and combined anomalies of the papillary muscle and allow for successful surgical septal myectomy without complications by selecting suitable pathophysiologyoriented procedures [15] . The 3D printed models can also provide detailed spatial information not only in the left ventricular outflow tract obstruction due to HCM but also for aortic stenosis (AS) using a systolic image dataset (Fig. 3) . www.e-cvia.org 157 Akira Kurata, et al CVIA
Double-chambered right ventricle
Double-chambered right ventricle (DCRV) is a rare heart defect wherein an anomalous muscle bundle separates part of the right ventricular outflow tract (RVOT) from the right ventricle [16] . The 3D anatomy of DCRV is complex, and changes in the cardiac cycle necessitate detailed patient-tailored surgical planning [17] . Separable 3D printing models in systole and diastole allow overall and regional surgical planning, providing effec- (Fig. 4) [13].
Cardiac valves
Aortic valve
Surgical and trans-catheter interventions are selected based on the patients' status. In recent years, trans-catheter aortic valve intervention (TAVI) has been rapidly developed and implemented in clinical practice [18] [19] [20] . Conventional CT and echocardiography diagnostic imaging provide the indications and intra-and post-procedural assessments for the procedure [21] . In procedural planning, 3D printing models can help attain more insightful spatial information [22] [23] [24] . Moreover, multiphysics models predict potential complications in complex cases by mimicking the tissue properties (Fig. 5) . In addition to objectivity and reproducibility, selection of cardiac phase is crucial for the assessment and production of 3D printed models [8, 25] . Recent studies reported the advanced feasibility of 3D printed models for TAVI procedures, such as ex vivo studies of valve-in-valve procedures [26] .
Mitral valves
The mitral valve and its related surrounding structures have a mutual functional anatomy and thinner structures that, in normal cases, are difficult to be replicated with 3D printing models. Some studies reported that the dedicated segmentation of 3D transesophageal echocardiography enables the production of 3D physical models in normal and diseased mitral valves and annuli [9, 27] . A recent study reported an objective segmentation of the mitral valve based on CT attenuation (Fig.  6) [10, 14] . Trans-catheter interventions in the mitral valve have also been rapidly developed and are now available in clinical practice. 3D printed models may aid in the planning and simulation of a MitraClip (Abbott Vascular, Menlo Park, CA, USA) procedure [28] [29] [30] .
Pulmonary valves
Pulmonary valve disease is rare among adults but is commonly observed in children, such as those with repaired CHD or undetected congenital pulmonary disease [21] . In addition to the growth of patients (children), trans-catheter valve implantations are not usually recommended. However, 3D printed models 
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CHD
CHD is one of main topics for the 3D printing model, because of the wide spectrum and various sizes of cardiovascular anatomy and comorbidity. Echocardiography is the first-line imaging modality for the assessment of its anatomy and function, but it is often hampered by a limited acoustic view. Some researchers showed the feasibility of echocardiography for 3D modeling [32] . Other researchers have shown the robustness and high spatial resolution of 3D volume data obtained from CT and MR for 3D printing model of the cardiovascular system [33] [34] [35] [36] [37] . The 3D printing provides aid not only for accurate advanced procedural planning with a life-size model [35] (Fig. 7) but also for accurate expanded replicas by multiplying the STL file data [36] . It will be helpful for medical professionals, patients (children), and their family members to understand congenital anomalies, which will be helpful in obtaining informed consent.
A B C D Fig. 5 . A 78-year-old woman with AS (bicuspid valve). Echocardiography (A and B) shows severe AS due to bicuspid aortic valve. Multiphysics three-dimensional printing model (C and D) was generated with elastic material (antique white) and hard material (white) and used for the simulation of balloon compliance testing before trans-catheter aortic valve intervention, and indicated the heterogeneity of balloon injury to the non-calcified leaflet (yellow arrows). Adapted from Koyama and Suzuki, with permission of CHUGAIIGAKU Co., Ltd. [6] . AS: aortic stenosis. 
CVIA
Atrial and ventricular septal defects, patent ductus arteriosus Ventricular septal defect, atrial septal defect (ASD), and patent ductus arteriosus are among the most common CHDs worldwide and are commonly observed in childhood [38] . They are diagnosed as either isolated or comorbidity in combined with complex CHDs and are managed by surgical repair or transcatheter closure based on the size and the net flow of the blood (shunt) through the defect. 3D printing models are not always required for simple shunt anomalies but can aid in the better understanding of 3D anatomy. Unroofed coronary sinus (CS) is a rare congenital anomaly leading to partial or complete absence of the common wall between the CS and the left atrium; it is hemodynamically classified as a rare type of ASD. In our experience, a 3D printing model is useful for the accurate diagnosis of unroofed CS (Fig. 8) .
Complex and severe CHD
From neonatal screening to medical and surgical management in childhood and adolescence, precise and appropriate diagnosis is essential. Although transthoracic echocardiography is an established non-invasive modality to assess the anatomy and function, more objective and physical 3D information is needed for trans-catheter or surgical intervention for complex and severe CHDs. Some studies have shown clinical applications of 3D printed models using various 3D modalities such echocardiography [32] , CT [33] [34] [35] [36] 39, 40] , MR [37] , and rotational angiography [31] . The 3D printed models are effective for improving the spatial perception of complex congenital abnormalities (Fig. 9) .
Although complex CHDs have been managed by pediatricians or in dedicated heart centres, the number of patients with adult CHD has increased because of advanced diagnosis and management, making patient-tailored and precision medicine even more crucial.
Structural heart diseases
SHDs refer to 'non-coronary cardiovascular disease' that can be treated by trans-catheter interventions; they range from pediatric and adult CHD to acquired heart valvular disease [8, 9, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] and other cardiovascular diseases. For less-invasive non-openheart interventions, precise 3D anatomy is crucial for from diagnosis, to procedural planning and simulation of trans-catheter intervention (Fig. 10 ) [41] [42] [43] .
Aortic disease
For complex cases with severe aortic disease (dissection and aneurysm), thoracic endovascular aortic repair (TEVAR) is a less-invasive option to reduce complications [44] [45] [46] . Hybrid TEVAR with supra-aortic debranching is the most popular current method of minimally invasive arch reconstruction, particularly in high-risk patients [47] . Some researchers reported the feasibility of 3D printed models for surgical and trans-catheter interventions [48] [49] [50] . In our experience, 3D print modeling was helpful as a multi-purpose interactive tool from procedur-A B C D 
Cardiac tumor
Cardiac tumors are rare but may cause morbidity and mortality. Assessment of tissue characterization and tumor extent to regional and systemic hemodynamics is crucial [51, 52] . In addition to conventional diagnostic imaging (US, CT, and MRI), 3D printed models can effectively integrate the diagnostic information in procedural planning and simulation [53] [54] [55] .
education and training
A recent study showed that the combined use of 3D printing models to conventional medical consultation was helpful to patients and their families for understanding the pathophysiology and therapy of diseases, such as complex CHDs and advanced heart failure compared with standard explanation alone [56] . In our experiences, quarter size 3D printed models of the heart that mimicked the morphological changes before and after cardiac resynchronization therapy (CRT) were effective for medical consultation to provide some supplemental information on the impact of CRT in patients (Fig. 13) .
This is also applied to education for medical residents and professionals. Some studies have also shown that 3D printed models enhanced resident education and hands-on surgical training for young surgeons [57] [58] [59] . Before clinical practice, physical training and attempt are crucial for clinical success. Thus, more realistic training and simulation using 3D printed model are expected (Figs. 14 and 15) . Although further studies are required in the assessment of the true impact of 3D printed models [60] , it has the potential to provide more standardized education, purpose-oriented training, and simulation as compared with traditional opportunity-based methods for a wide variety of cardiovascular diseases [61] .
fUTURe DIReCTIONS
Because 3D printing models more accurately replicate the cardiovascular anatomy, the clinical applications have been focused on 'anatomy and function. ' Kolli et al. [62] verified the impact of varying hemodynamic conditions on fractional flow reserve in an in vitro setting using 3D printing models. Maragiannis et al. [63] demonstrated that patient-specific models using fused dual-material could replicate both the anatomic and functional properties of severe degenerative aortic valve stenosis. Toninato et al. [64] investigated the hemodynamics of the sinus of Valsalva after bio-prosthetic aortic valve implantation in an in vitro study using 3D printing models. These approaches are promising to increase the clinical benefits of 3D printing models for clinical questions.
In addition, Biglino et al. [65] evaluated the distensibility of rubber-like materials to manufacture arterial phantoms using compliance tests. Yamada et al. [66] assessed the elastic modulus and breaking strength of the porcine heart, applied it to a biotexture, and evaluated the full surgery simulations using minimally invasive cardiac surgery tools, including a robot. Shirakawa et al. [67] made a 3D AS model with crushable calcifications for off-the-job training and surgical simulation (Fig. 15 ). These advanced attempts will achieve more realistic physical simulation and training.
Moreover, 3D bio-printing is one of the further advanced printing technologies when combined with cells, growth factors, and biomaterials to fabricate biomedical parts that maximally imitate natural tissue characteristics. Tissue engineering has recently been aligned with 3D printing technology to produce patient-specific organs. Fukunishi et al. [68] showed the mechanical properties and bio-compatibilities of patient-specific tissue-engineered vascular grafts in a sheep model by using bioprinting and 3D printing. While not discussed in this review, this advanced 3D bioprinting technology is promising for bringing fruitful outcomes to basic science and clinical research.
Some issues remain for the clinical uses of standard 3D printing models. Current clinical limitations are 1) initial and running costs (3D printer, material, and human resources), 2) time efficiency, and 3) the dependency on the operators' experiences and knowledge on 3D modelling and medicine. Although any issue will be resolved by each institutional decision, educational activities and promotion to medical reimbursement for cardiovascular 3D printing models may aid in the clinical applications.
With regard to the scientific value of using 3D printed models, we need to show both its clinical and scientific relevance. Byrne et al. [69] and Mathur et al. [70] recommend the scientific objectiveness as follows: 1) imaging modality for data acquisition; 2) segmentation and software requirements; 3) printer specifications; 4) material properties; 5) operating time (segmentation and production); and 6) need for organized multicenter trials. Recently, Valverde et al. [71] reported a multicenter trial on the effects of 3D models in surgical decision changes in patients with complex CHD. These specifications are necessary to improve the quality of publications and are helpful for clinical use.
CONClUSIONS
Cardiovascular 3D printing models provide accurate 3D anatomy with physical spatial perception. With various and multiphysics materials, patient-tailored customized models hold great promise for clinical practice from disease diagnosis, planning, and simulation to education, training, and physiological evaluation, as well as further advanced translational researches. When cost-effectiveness and standardized workflow are established, 3D printing models will be an invaluable contribution to precision medicine.
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